The efficient pinning of transformation-induced defects had the further consequence that the alloys could be annealed for long periods after reversion to austenite without significant loss of strength.
I. INTRODUCTION
A reverse martensitic phase transformation influences the properties of austenite in a number of ferrous alloys. It has been established that a reverted austenite is appreciably stronger than an annealed austenite due principally to an increased dislocation density and to the formation of a fine substructure 1 -8 resembling the structure of martensite. The strengthening achieved in an austenite. through reverse martensitic transformation has been referred to as .. transformation strengthening ...
To transformation strengthen an austenitic alloy one must begin with an alloy composition such that the martensite start temperature (Ms) is between room temperature and liquid nitrogen temperature (-196°C) .
The alloy may then be transformed to martensite (at least in part) by cooling in liquid nitrogen. The martensitic alloy is then reverted to austenite by heating to above the austenite finish temperature (Af) at a rate rapid enough to ensure that the reversion reaction proceeds through a reverse shear mechanism rather than through a diffusional nucleation and growth process. When the reversion reaction is complete the alloy is cooled to room temperature. For the transformation strengthening to have a beneficial effect on room temperature properties the reverted austenite must, of course, be mechanically stable with respect to stressinduced transformation to martensite at loads below the matrix yield strength.
Using this procedure Krauss and Cohen 3 demonstrated the transformation strengthening of Fe-(30-34)Ni alloys, obtaining an increase in yield strength from ~30 ksi (210 MPa) to ~60 ksi (420 MPa) after a y~·~ -2-reversion cycle. In further work Koppenaal 7 obtained a yield strength increase from ~0 ksi (270 MPa) to ~105 ksi (720 MPa) by reverting an Fe-24Ni-4Mo-0.3C alloy, and showed that the yield strength could be further increased by repeated reversion treatments. After five reversion cycles the strength increased to ~160 ksi (1100 MPa). In this case the strengthening is presumed due to the simultaneous influence of transformation-induced defects and carbide precipitates formed during heating. 7 • 9
The evidence cited above suggests that transformation strengthening may provide a useful alternative to thermomechanical treatment in processing austenitic steels to high strengt.h and may offer a means for strengthening austenitic steels for applications which preclude severe thennomechani ca 1 treatment. However, the a 11 oys and processes used in prior research have several features which limit their engineering potential. These include in particular the thermal instability of the transformation-induced defect structure and the relatively low strengths obtained.
As noted by Krauss and Cohen 3 the transformation-induced defect structure is thennally unstable. On exposure to high temperature the reverted austenite softens rapidly through recovery and recrystall i zation processes .. In laboratory studies the softening is avoided through the use of rapid heating to the reversion temperature, usually in a salt bath, followed by quenching to low temperature. Such a rapid thermal cycle is impractical in sections of reasonable thickness.
Moreover, the strengths obtained after initial reversion in the alloys studied to date are relatively low compared to those attainable .,
:::; J 0 -3-through simple ausaging in available austenitic steels. While higher strengths have been established through multiple cycling tr.eatments elaborate processing is required, and the final strengths do not exceed those achieved in the most promising precipitation-hardened austenitic alloys.
Given this background we have been investigating the use of transformation strengthening in precipitation~hardenable austenitic alloys in the belief that the precipitation and transformation hardening mechanisms may be made to interact constructively in two ways: first, to strengthen the austenitic alloy to levels unattainable by either mechanism alone, and second, to stabilize the transformation-induced defect structure so that an efficient transformation strengthening may be accomplished with the relatively slow heating and cooling rates practical in thick sections. While the alloys studied to date are by no means optimal the evidence presented below documents.the promise of transformation strengthening as a technique for achieving very high strength austenite through thermal processing alone.
II. TECHNICAL APPROACH
The choice of an austenite composition and thermal treatment. to achieve a beneficial combination of precipitation and transformation strengthening poses several interrelated problems. These center around the need to maintain close control over the martensite transformation temperatures. To achieve an efficient transformation strengthening the alloy !!lUSt have an Ms temperature well above liquid nitrogen temperature . . {-196°C} at the point in its processing at which the martensite -4- transformation is induced. To establish good room temperature mechanical properties in the fully processed condition the austenitic alloy must be mechanically stable with respect to stress-induced transformation to martensite, which requires that the Ms temperature be ultimately well below room temperature.
The opposing constraints on the Ms temperature limit the practical choice of precipitating species and precipitation conditions. The usual hardening precipitates, carbides, nitrides, and y• intermetallic compounds, cause the Ms temperature to rise during precipitation hardening due to the d~pletion of y stabilizing species from the lattice.
While we showed in earlier work 8 that the austenite stability lost on precipitation may be partly restored through suitable post-aging treatments (at least in the case of y• Ni 3 Ti), the restabilizing treatment cannot offset the substantial rise in Ms which occurs on ausaging to high strength. The opposing constraints on the Ms therefore dictate that, if conventional precipitation processes are to be used, the precipitation reaction must be essentially completed before transformation strengthening is carried out, and must not proceed significantly during a slow reversion treatment. The latter requirement appears to rule nut precipitation processes based on rapidly diffusing interstitial solutes such as carbon and nitrogen. temperature. The interaction between the embedded precipitates and the transformation-induced defects was then expected to inhibit recovery so that useful transformation strengthening could be obtained with slow heating and cooling rates.
III. EXPERIMENTAL PROCEDURE
Two twenty-pound ingots of nominal composition Fe-33Ni-3Ti and Fe-34Ni-3Ti-0.5Al in wt. pet., were prepared by vacuum induction melting.
The precise chemical compositions are given in Table I . The ingots were homogenized under vacuum at 1200°C for 24 hours, forged to 13 mm thick plates, solution annealed at 1050°C for 2 hours under argon gas atmosphere, and water cooled. Heat treatment for rapid reversion was carried out in a furnace under argon gas atmosphere.
The martensitic and reverse martensitic phase transformation temperatures were measured in a dilatometer equipped with both a cryostat capable of cooling to -196°C and a high temperature furnace under argon -6- Fe-34Ni-3Ti-0.5Al Bal. 34.0 3.08 0.47 0.001 0.001 gas atmosphere (with a heating rate control). An alumel-chromel thermocouple was spot welded to. the center of the tube shaped dilatometry specimen to monitor the temperature change continuously. At least two specimens were tested for each data point.
Opti ca 1 metallography was performed according to standard 1 aboratory practice. An etching solution of FeC1 3 (1 gm) + HCl (10 ml) + H 2 0 (25 ml) was used. Thin foils for transmission electron microscopy were prepared by chemical thinning in a solution of 100 ml H 2 o 2 + 5 ml HF followed by electropolishing in a conventional chromic-acetic electrolyte using the window technique. The foils were examined in a Siemens
Elmiscope I electron microscope, and in a Philips 301 electron microscope with a high resolution stage operated at 100 kV. Samples for X-ray diffraction analysis were chemically cleaned and polished on a metallographic polishing cloth.
Tensile tests were conducted at room temperature in an Instron machine using subsize round specimens of 12.7 mm gauge length and 3 mm gauge diameter at a crosshead speed of 0.05 em/min. Two specimens were tested for each data point. The aging response is similar in the Fe-33Ni-3Ti and Fe-34Ni-3Ti-0.5Al alloys. The strengths of both alloys increased significantly on precipitation of y' as shown in Fig. 3 , Fig. 4 , and Table II . However, a severe loss of duct,ility occurs on ausaging. The soft annealed austenite exhibited a tensile elongation of 45rv50 pet; after ausaging the elongation decreased to ~5-8 pet. The decrease in ductility is presumed to be caused by the reduced dislocation mobility due to they' precipitates and aggravated by.the observed grain boundary precipitation.
The alloy containing aluminum (Fe-35Ni-3Ti-0.5Al) was more ductile after ausaging than the aluminum-free Fe-33Ni-3Ti austenite. This observation agrees with the results of Wilson and Pickering. 13 They suggested that . *720°C/4 hr. for Fe-33Ni-3Ti alloy and 720°C/l2 hr. for Fe-34Ni-3Ti-0.5Al alloy.
To convert to SI units, 1 ksi = 6~89 MPa. .. The effect of heating rate on the reversion reaction and on the resulting strength of the austenite was explored by using two alternate techniques giving radically different heating rates. In the first approach, t he reversion was accomplished by immersing the specimen in a ..
...
.j () -17-high temperature salt bath (fast reversion). This technique imposes a· heating rate greater than 100°C/min. which, following prior work, 8 is sufficiently rapid to ensure a reverse shear transformation in these alloys. In the second set of experiments the alloys were slowly heated · at a controlled rate in an electric furnace (slow reversion). The imposed rate, ~°C/min., was chosen to simulate the uniform heating rates attainable in the thermal processing of thick sections. The two sets of experiments will be discussed in turn.
Fast Reversion
In fast reversion the samples were immersed in a salt bath of fixed temperature (650°C, 700°C, or 720°C) and held for pre-selected times before cooling or quenching to room temperature. Fig. 5 (c) presents an optical micrograph of the resulting structure . A substructure resembling that of martensite ( Fig. 5(b) ) is clearly seen. Phase analysis by X-ray diffraction shows, however, that the reversion to austenite is essentially complete at each of these temperatures. No martensite is detected.
Selected area electron diffraction suggests that the reversion reaction is the crystallographic reverse of the original martensite transformation.
The reverted laths examined have orientations identical to those of the parent grains from which they formed.
A transmission electron micrograph of the product austenite is presented in Fig. 7 . The area marked A in the figure is a plate (or lath) of reverted austenite. The high dislocation density within the plate is apparent, and stands in marked contrast to the very low dislocation density in the adjacent region (B) which did not undergo phase transformation. A high resolution transmission electron microscopic study showed that the y' precipitates are retained during the reverse martensite transformation and remain virtually unchanged in size.
The dislocated lath structure shown in Fig. 7 is typical of the reverted austenite in these alloys. While internally twinned austenite is occasionally observed its occurrence is rare.
The strength increase obtained through the reversion treatment is presented in Table II . The increase in yield strength is significant, particularly when recognized as a supplement to the already high strength of the alloy in the ausaged condition.
Slow Reversion
In slow reversion the al l oy was reverted to austenite by heating in an electric furnace at a controlled rate of ~°C/min. to a pre-selected final temperature of 700°C or 720°C . Optical and transmission electron micrographs of the resulting structure are presented in Figs. 5(c) and 8.
The yield strengths obtained are included in Table II .
The results found after slow reversion are encouraging in two respects. First, despite the slow rate of heating the reverse martensitic transformation occurs through a reverse shear mechanism. The product microstructure is virtually identical to that seen after fast reversion. 8 . Reverted austenite formed on slow reversion of Fe-33Ni-3Ti. The structure is similar to that established on fast reversion (Fig. 7) .
_.
• . . .. .. Since the reverted austenite laths are heavily loaded with tangled dislocations and y• precipitates it would be difficult to identify precipitates in the final structure and establish that they formed during maraging. The presence of such precipitates is, however, indicated by several indirect pieces of evidence. First, the strength increase on slow reversion (Table II) would be expected if a maraging precipitation occurred. Second, a maraging reaction would be expected to raise the austenite transformation temperatures (As ' Af) through further depletion of y-stabilizing species from the lattice. A dilatometric investigation (Table III) showed that the As and Af temperatures do increase significantly when a low heating rate is used. Third, since a maraging precipitation would be specific to martensite such a reaction would cause the reverted austenite to have a composition slightly different from that of the untransformed austenite. The slowly reverted austenite shows a high contrasl \effect after etching (Fig. 5(e) ) compared with the rapidly reverted austenite (Fig. 5(c) ), as would be ... ..
The reversion of martensite in a section of reasonable thickness will, in practice, necessarily involve some holding period at high temperature. The annealing response of the reverted austenite is hence important. Fig. 9 shows the variation of the room temperature yield strength of the reverted Fe-33Ni-3Ti alloy as a function of annealing time at various temperatures. Equivalent data for the Fe-34Ni-3Ti-0.5Al alloy is given in Fig. 10 . While the yield strength decreases with increasing annealing time the rate of softening at 700-720°C is relatively slow. Moreover, the strength advantage of the slowly reverted specimens is maintained during annealing . The softening curves for the fast and slow-reverted specimens are roughly parallel.
The rate of softening on annealing these alloys is very low compared to that in the Fe-Ni binary system studied by Krauss and Cohen. 3
The improvement in annealing response is presumed to be due to the high precipitate density in the reverted austenite, which retards the thermal recovery of transformation-induced dis 1 ocati. ons . The stability of the defect structure is illustrated in Fig. 11 , a transmission electron micrograph of a specimen which was slowly reverted to 720°C and held for 7 hours. The fine substructure is retained during the long anneal.
Whi.le there is some evidence of thermal recovery in the apparent leakage of dislocations from the edges of the reverted austenite laths, the reverted austenite remai.ns highly dislocated.
An interesting and unanticipated result of these studies was the inverse temperature dependence of the softening rate. As documented in
Figs. 9 and 10 the rate of softening increases when the annealing Widmanstatten Ni 3 Ti during aging. They suggested that the compressive stress exerted on they' precipitates due to slight lattice mismatch with the austenite matrix induces a transformation to an hexagonal close packed structure such that the {111} planes of they' become the basal {0001} planes of the hcp phase. Relieving the stress field around one particle will affect the stress distribution around neighboring particles.
Thus precipitates in which the close-packed direction is collinear will rapidly transform giving rise to a line of hcp precipitates.
The coplanar precipitates observed in the present study were (2) The yield strength of the aged and transformation strengthened alloys increases when a slow heating rate is used to achieve the reversion of martensite. This strength increase is believed to result from maraging reactions which occur during slow heating of the martensite phase. (4) The rate of softening of these alloys on annealing increased as the annealing temperature was lowered below the original ausaging temperature. This loss of strength is believed to be due to a decrease in the mechanical stability of the austenite, which is in turn attribu- , ..
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